Southern African clinoptilolite's capability as an ion-exchanger with respect to Cu 2+ and Co 2+ was investigated in order to consider its viability in the removal of metal cations from aqueous solutions. The effect of chemical conditioning was investigated using sodium chloride (NaCl), hydrochloric acid (HCl) and potassium chloride (KCl). The most efficient activating or conditioning reagent was found to be HCl at 0.02 M concentration, followed by KCl at 0.04 M and then NaCl at 0.04 M. The worst performing clinoptilolite was the original form under the conditions described in this study and it thus served as a control. The HCl-conditioned clinoptilolite was the most efficient in metal removal (79% Co 2+ and 73% Cu
Introduction
There are several factors affecting heavy metal removal from aqueous solutions (Inglezakis and Grigoropoulou, 2004) . Particle size, chemical conditioning, contact time, initial metal ion concentration, pH and the presence of the competing ions in aqueous solutions can be given as some examples of significant factors affecting removal of metals using clinoptilolite (Reed and Arunachalam, 1994) .
Natural zeolites which have been chemically conditioned can be used for various industrial applications since chemical conditioning improves their ion exchange performance (Semmens and Seyfarth, 1996) compared to the native clinoptilolite. Such applications include the sequestration of toxic pollutants from industrial effluent and wastes. These natural zeolites are crystals that are naturally occurring hydrated alumino-silicates of alkali and alkaline earth cations. They contain variable Si/Al ratios and have exchangeable ions such as Na + , K + , and Mg 2+ in their structures (Culfaz and Yagiz, 2004) . The zeolites' framework consists of alumino-silicates with a 3-dimensional structure of SiO 4 and AlO 4 tetrahedral molecules linked by shared oxygen atoms. Clinoptilolite is one of the most abundant and cosmopolitan natural zeolites, which is widely used because of its ion-exchange properties (Kuronen et al., 2006) . Natural zeolites, such as clinoptilolite, are able to lose and gain water in a reversible manner and to exchange their extra framework cations in solution without crystal structural changes (Kuronen et al., 2006) .
The performance of natural zeolites can be improved by performing chemical conditioning on them. This conditioning removes certain cations from zeolites that may hinder ionexchange while exposing the easily exchangeable ones. It has previously been reported in literature that sodium-type natural clinoptilolite favours the exchange of Cu 2+ over Co 2+ (Zamzow and Murphy, 1992; Coruh, 2008) . Cationic exchange of Cu on chabazite and clinoptilolite, Zn exchange on clinoptilolite, Co exchange on clinoptilolite and Cr exchange on phillipsite and chabazite have all been reported (Blanchard et al., 1984; Assenov et al., 1988; Trgo et al., 2006) .
Chemical conditioning of a zeolite is a process applied with the aim of replacing certain cations in the zeolite with exchangeable ones (Semmens and Martin, 1988) . In this study a natural zeolite, clinoptilolite, was investigated in its original form and was also chemically conditioned using HCl, NaCl and KCl (Kesraoui-Ouki et al., 1993; Papachristou et al, 1993; Kesraoui-Ouki et al., 1994) , subsequently referred to as HCl-activated, NaCl-activated and KCl-activated throughout this paper. Chemical conditioning also causes exchangeable ions that are already within the zeolite to be more accessible, contributing to the efficient performance of the zeolite. The finally conditioned zeolite should have improved effective ionexchange capability (Bremner and Schultze, 1995; Gradev et al., 1988; Panayotova and Velikov, 2003) .
The Na + ion is the most weakly bound ion in clinoptilolite and thus it can be easily exchanged with the cations in solution. The effect of treatment of clinoptilolite samples was investigated for the removal of NH 4 + ions from aqueous solution. Cuban clinoptilolite has been previously transformed into its Na + , K + , Ca 2+ and Mg 2+ forms after treatment (Rozic et al., 2002; Zamzow et al., 1990; Milan et al., 1997; Rahmani et al., 2009; Langwaldt, 2008) . These studies revealed an improved performance when Na + -clinoptilolite was used. Similarly, Inglezakis et al. (1999) determined the effect of batch mode NaCl treatment on Pb 2+ removal by Greek clinoptilolite and found that the effective capacity was increased. The effect of Na + conditioning with different sodium-based chemicals was also examined by several researchers who studied the ability of Na + modified form Bulgarian clinoptilolites, prepared with NaOH and NaCl, for Cu 2+ removal from solution and it was reported that NaCl treatment resulted in a greater improvement in Cu 2+ uptake compared to NaOH treatment (Panayotova, 2001) . The author attributed the difference to the limited ability of NaOH to displace K + , Ca 2+ and Mg
2+
. Among the reported conditioning agents, HCl is claimed to have a destructive effect on the clinoptilolite structure (Sprynskyy et al., 2005) . Kurama and co-workers (2002) treated Bigadic clinoptilolite with 1 M HCl solution. Hydrochloric acid is reported to cause leaching of Al 3+ from zeolites, which compromises the exchange capability of the zeolite (Bailey et al., 1999) . Therefore it is important to study the parameters impacting proper zeolite conditioning, especially using HCl. Although NaCl is the most frequently used conditioning agent in chemical conditioning of zeolites, acid treatment offers advantages for cation exchange, as this study has revealed.
Natural clinoptilolite is abundant in South Africa and is therefore easily accessible which reduces the usually high cost of acquiring this natural mineral. In previous studies it was observed that the use of natural clinoptilolite in its original form was inefficient as a cation-exchanger and it was established that the performance of the zeolite could be improved by chemical conditioning (Mamba et al., 2009; Nyembe et al., 2010) . In this study, the exploitation of the ion-exchange potential of Southern African clinoptilolite for the removal of Cu 2+ and Co 2+ from aqueous synthetic sulphate solutions in batch mode applications was pursued using 3 chemically-conditioned forms of clinoptilolite.
Experimental Preparation of synthetic solutions
The synthetic solutions were prepared as described in Mamba et al. (2009) . For AAS analyses respective solutions of copper and cobalt were prepared by dissolving CoSO 4 .7H 2 O (analytical grade) and CuSO 4 .5H 2 O (analytical grade) in deionised water. The effect of the presence of one cation on the other's removal efficiency was studied by varying the metal ion concentration in solution. Studies on the Co/Cu mixed synthetic solutions were based on solutions of copper and cobalt prepared at stoichiometric ratios of Co:Cu of 1:1, 1:5, 1:9, 5:1 and 9:1, which corresponded to the following concentration ratios of Co:Cu -0.0020:0.0020 g/ℓ, 0.0020:0.0698 g/ℓ, 0.0020:0.2000 g/ℓ, 0.0698:0.0020 g/ℓ and 0.2000:0.0020 g/ℓ, respectively. These concentrations were arbitrarily chosen with the intention of generating weakly-, moderately-and highly-concentrated solutions. The aqueous synthetic solutions were stored at room temperature (approx. 25°C). The samples were utilised within 48 h after preparation to minimise errors from precipitation and container-plating of the metal ions.
Preparation of clinoptilolite
In addition to original forms, conditioned forms of Southern African clinoptilolite were also used in this study. Conditioning of the samples was aimed at enhancing the ion exchange capacity of the material by replacing exchangeable cations on clinoptilolite structure with a single cation. Sodium chloride, potassium chloride and hydrochloric acid (NaCl, KCl and HCl) were selected as the conditioning agents since K + , H + and Na + ions are weakly bound ions on clinoptilolite, and thus once the clinoptilolite is converted to the homoionic form they can easily exchange with heavy metal cations (Inglezakis and Grigoropoulou, 2004) . For this purpose, original clinoptilolite was conditioned and 2 different conditioned samples were prepared for each chemical reagent. The raw zeolite was crushed with jaw crushers and sieved through screens to a size range of 2.8 to 5.6 mm. A fraction of this average particle size was rinsed with distilled water and air-dried for 24 h. Chemical conditioning of clinoptilolite was performed using HCl, KCl and NaCl solutions at concentrations of 0.02 and 0.04 M, based on the findings of the authors' earlier work (Mamba et al., 2009) . Fractions of clinoptilolite were soaked in the respective solutions for 8 h, rinsed 3 times in deionised water of pH 6.7 and dried in an oven at 50°C for 24 h. Selection of the conditions used in the preparation of the clinoptilolite was based on preliminary experiments performed with HCl in the laboratory.
Scanning electron microscopy (SEM)
A scanning electron microscope (SEM) is used to study the surfaces of solids to give information about their morphology and topological presentations. Such presentations may provide possible explanations about the solid's behaviour. To study the morphology and topological patterns of the original HClactivated, NaCl-activated and KCl-activated clinoptilolite, a SEM JEOL JSM-840 instrument was used. Grains of 2.8 to 5.6 mm size range were mounted on aluminium stubs with carbon tape on a graphite support unit. They were then coated with gold to improve visibility and also to make the surface conductive so as to prevent charging effects. The samples were then subjected to an electron beam under vacuum to obtain micrographs of the zeolites.
Adsorption experiments
The ion-exchange processes of Co 2+ and Cu 2+ on the clinoptilolite were performed at room temperature. Glass columns of 20 mm diameter and 300 mm of length were pre-loaded with 25 g of either original clinoptilolite or activated clinoptilolite and a volume of 25 mℓ of the prepared Co 2+ and Cu 2+ bearing solutions was passed through each form of zeolite (Kocasoy and Sahin, 2007) . The contact time afforded for the experiments was 60 min. The effluent solutions were collected at 5, 10, 15, 30, 45 and 60 min intervals and analysed for final metal content using AAS. Figure 1 shows the experimental set-up used for the ion-exchange experiments.
Fourier Transform Infra Red (FTIR) spectroscopy characterisation
The FTIR technique was used to determine the functionalities present in the HCl-activated, NaCl-activated, KCl-activated and original forms of clinoptilolite, as reported in Mamba et al. (2009) . This characterisation was done in order to ascertain whether chemical conditioning of original clinoptilolite exposes other latent functional groups. This would assist in offering interpretation pertaining to the ion-exchange capabilities of the clinoptilolite. Dry pellets were prepared by mixing finely milled clinoptilolite (approx. 75 µm) with a bromide binder in a ratio of 1:10 of sample to binder (0.05 g 439 clinoptilolite: 0.5 g binder); mixing was done using a pestle and mortar until homogeneity of the mixture was achieved. The IR data and IR spectra were obtained for the different pellets after running samples using the Midac FTIR 5000 spectrophotometer on CaF 2 plates with the various bands recorded in wavenumbers (cm -1 ).
Results and discussion

Fourier Transform Infra Red analyses
The IR-spectra for original and HCl-activated clinoptilolite are shown in Fig. 2 .
At the range of 4 000 to 3 000 cm -1 the original and 0.04 M HCl-activated forms of clinoptilolite showed distinct stretching, which is typical of water absorption (Majedova, 2003) . A small peak was observed for 0.02 M at this range. This shows that water adsorption and retention by clinoptilolite is increased by HCl activation at 0.02 M concentration. At the 1 750 to 1 500 cm -1 range, the 0.02 M HCl-activated clinoptilolite showed distinct peaks and again the original and the 0.04 M activated forms showed a small peak. This could be as a result of 0.02 M activation washing out the non-zeolitic impurities present in the original clinoptilolite, as confirmed by SEM. The small peaks at about 1 250 with the 0.04 M and 0.02 M HClactivated form could be due to the strength of the acid which resulted in the leaching out of calcium. At this very wavelength, the original form of clinoptilolite showed a stretched band which is due to Ca-O. There were peaks observed for all the clinoptilolite forms at 1 558 cm -1 which may be due to the bending vibrations of adsorbed water. This is expected since, given its porous structure, desiccation of the zeolite at high temperatures (50 o C) will increase its hydrophilic (water absorption) properties (Ng and Mintova, 2008) .
The stretching between 1 500 and 1 000 cm -1 observed in Fig. 2 indicates the presence of a high content of calcite in the sample as confirmed by SEM. The strong band at 1 341 cm -1 (due to Si-O stretching) is the main characteristic band for quartz (Al-Degs et al., 2003) . The peaks observed between 1 000 and 600 cm -1 are present in all the forms of clinoptilolite; one characteristic band appears at 836 cm -1 for all the forms. This is the quartz band. Quartz is common with zeolites, especially those of the Heulandite family. The peak that appears at 753 cm -1 for the original clinoptilolite form appears at 759 cm -1 for the activated zeolite. There is a peak that appears at 686 cm -1 for the original form while for the acid-activated forms it appears at 635 cm -1 . This shift could be attributed to the action of the acid.
In essence, the characteristic IR bands of the KCl-and NaCl-activated clinoptilolite forms were comparable to the HCl-activated forms. The differences were only in intensity and the slight apparent shifts in the positions of the peaks. These shifts were less pronounced in the KCl-and NaClactivated clinoptilolite forms than in the HCl-activated forms as shown in Fig. 3 .
There were peaks between 2 000 and 1 250 cm -1 which indicated the presence of a high content of calcite in the sample. The strong band at 850 cm -1 is the main characteristic band . The positions of the peaks appear to have shifted when compared to the HClactivated forms. This could be attributed to the mild action of the KCl and NaCl. The 0.04 M KCl-activated and NaCl-activated clinoptilolites' FTIR spectra were identical to their 0.02 M activated counterparts. We have therefore only represented the spectra of the 0.04 M activated forms of clinoptilolite for both KCl and NaCl conditioning. It can be deduced that the 2 concentrations used did not markedly alter the zeolite's structure.
Copper and cobalt removal using original clinoptilolite
Figures 4 and 5 show that the 1:1 Co:Cu ratio showed the lowest removal of Cu 2+ and the highest removal of Co
2+
. This is likely to have been due to the fact that the Cu 2+ formed more bulky and stable complexes with the water molecules in the solution (Fernandez et al., 1994) .
The bulky complex-formation by Cu 2+ ions resulted in the availability of Co 2+ ions for sorption. The highest Cu 2+ removal recorded for this form of clinoptilolite (non-activated) was 35% and was recorded with a 1:9 Co:Cu ratio. The lowest removal efficiency for Cu 2+ was at 23% with the 1:1 Co:Cu ratio. On the other hand, the highest removal efficiency recorded for Co 2+ ions was 40% and was obtained with the 1:1 Co:Cu solution as shown in Fig. 5 .
This was as expected since this solution recorded the lowest removal efficiency for Cu 2+ ions. The lowest removal efficiency recorded for Co 2+ was 26% and was recorded with the 9:1 Co:Cu synthetic solution where the Co 2+ ion concentration was the highest. Another solution where Co 2+ concentration was higher than that of Cu 2+ (5:1) also recorded only 31% removal. It is evident that the higher the Co 2+ ion concentration in solution, the higher the removal efficiency for Co 2+ ions; the converse was also true.
The low metal removal efficiencies could be due to the original clinoptilolite's heterogeneous structure since there was no modification applied to it. It is also possible that the clinoptilolite surface and pore openings were partially covered by dust produced during crushing of the clinoptilolite, resulting in pore clogging which led to smaller ion-exchange capacity and slower ion-exchange rates (Inglezakis et al., 1999) . Pore clogging by fine particles, which can be reduced by chemical conditioning of the zeolite, has also been reported as a possible cause of smaller ion exchange capacity and slower exchange rates (Mondale et al., 1995) . According to one study, pore clogging can affect the ion-exchange capacity by up to 15% (Carland and Aplan, 1995) . This could result in the locations of exchangeable ions not being evenly distributed within the zeolite, such that there would be delays in the ion exchange process due to exchangeable ions competing with other ions not involved in the ion-exchange process. Figure 6 depicts Cu 2+ removal with NaCl-activated clinop ti lolite.
Copper and cobalt removal using NaCl-activated clinoptilolite
In synthetic solutions where there were more Cu 2+ ions than Co 2+ ions (1:5 and 1:9) the graphs displayed similar removal patterns. The removal efficiency started off at a higher rate and then slowed down almost abruptly before reaching a plateau. This must have been due to the nature of the zeolite's surface, i.e. surface charge which determines the ion-exchange mechanism in the uploading of Cu 2+ onto the zeolite. It is possible that there were Cu 2+ affinitive sites immediately available on the zeolite's surface, such that the uploading started off very fast; these Cu 2+ affinitive sites then became depleted with time as the Cu 2+ adopted another uploading mechanism that proved to be slower than ion-exchange (Ederm et al., 2004) .
The most likely mechanism to have occurred at first is the ion-exchange mechanism which is known to be quick (Ederm et al., 2004; Zachara et al., 1991; McBride, 1980) . It is suggested that the latter part of the metal ion loading takes place inside the zeolite and is slow due to the percolation of the solution through the clinoptilolite channels. In light of the ions that had formed Co-Cu non-stable complexes in a dynamic fashion were later uploaded as they broke away from their Co 2+ ion counterparts in a manner allowed by their complex formation dynamics. The removal patterns in the 5:1 and 1:1 Co:Cu aqueous solutions showed similar trends. Initially, there were low removal efficiencies which gradually picked up before reaching a plateau. It is possible in this case that both ion exchange and precipitation mechanisms happened simultaneously.
In the 5:1 Co:Cu aqueous solution shown in Fig. 7 , respectively. These results were obtained with the 0.04 M NaCl-activated form of clinoptilolite.
Copper and cobalt removal using KCl-activated clinoptilolite
The highest percentage removal recorded for Cu 2+ ion was 50% which was obtained with 5:1 Co:Cu solution (Fig. 8) The 9:1 Co:Cu solution was expected to record a high percentage removal since it also contained a high concentration of Co 2+ ions, however it recorded the lowest (38%). This discrepancy can be attributed to the non-homogeneous nature of the clinoptilolite. The 1:1, 1:5 and 1:9 Co:Cu solutions behaved in such a manner that the fewer Cu 2+ ions that were present in the solutions the more efficiently the Cu 2+ was adsorbed (48%, 47% and 42%, respectively).
The 1:1, 9:1 and 1:5 Co:Cu solutions recorded 70%, 68% and 66%, respectively (Fig. 9 ). The 5:1 and 1:9 Co:Cu solutions recorded 52% and 55%, respectively. It should be noted that when there was a high concentration of Cu 2+ ions in the solution, Co 2+ removal was limited. The optimal ratio resulting in the most efficient removal was 1:1 Co:Cu in solution.
On the whole, the KCl-activated clinoptilolite showed the best performance over the original and NaCl-activated forms.
Copper and cobalt removal using HCl-activated clinoptilolite
It has been documented that acid treatment of natural clinoptilolite improves its adsorbent properties (Kuronen et al., 2006; Inglezakis and Grigoropoulou, 2004) . This is due to de-catination, de-alumination and the dissolution of amorphous silica fragments blocking the channels. A study by Korkuna and coworkers also revealed that there is a change in the clinoptilolite structure after acid treatment with dilute acid activations accounting for improved removal capability of the HCl-clinoptilolite (Korkuna et al., 2006) . Studies by Vasylechko and co-workers confirm the findings of this study with respect to the effect of acid-activation of natural clinoptilolite (Vasylechko et al., 1999; Vasylechko et al., 2000) . From the kinetics graphs in Figs. 10 and 11 it was observed that a ratio of Co:Cu 1:1 favours removal efficiency for Co 2+ more than it favours Cu 2+ removal. It is suggested that in this solution (Co:Cu 1:1) some of 
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the Cu 2+ ions form stable hydrated complexes with water and some of the Co 2+ ions in the solutions form complexes which are too bulky to move into the zeolite pores. In the 1:5 Co:Cu solution, removal of Cu 2+ ions is very high (73%). This could be as a result of there now being more 'free' available Cu 2+ ions than in the 1:1 Co:Cu solution. However, a sudden change was observed for the 1:9 and 9:1 Co:Cu solutions. It was expected that the removal of Cu 2+ would be more feasible if more of the Cu 2+ ions were present in the matrix. It apparently became difficult for the Cu 2+ to upload, in comparison to the uploading of Co 2+ ions (79% in the 1:1 Co:Cu solution), as shown in Fig. 11 . This might be due to cationcation interactions of Co-Cu which could have resulted in the formation of stable complexes thus lowering metal uptake rates.
It is possible that an increase of Cu 2+ ions in the solution is favoured only to a certain limited extent with respect to Cu 2+ ions uptake. The ion-exchange in this case was expected to be faster than was apparent in the first 10 min, since the number of active sites in the zeolite were the same as those provided for the single-cation solutions. However there seemed to be a "struggle" in the quest to occupy the active sites. This could again be attributed to cation-cation interactions as well as to the water of hydration in the solutions and the non-homogeneous nature of the clinoptilolite. These active sites eventually become saturated with metal ions and unable to further accommodate more ions at higher concentrations.
The selectivity of Co 2+ over Cu 2+ in these solutions can be explained in the following manner: For larger anhydrite ions, the charge is more dispersed and the water of hydration is held less strongly by the metal cation. This leads to a situation where the larger the ion, the less hydrated it is and the smaller the relative size of the hydrated ion. . The Cu 2+ ion has a valence of +2 and can hold its hydration shell very strongly, while the Co 2+ ion, a larger divalent cation, holds its hydration shell relatively less strongly. As a result, the Co 2+ ion can lose its hydration shell readily when it is approaching the clinoptilolite surface and establish a stronger bond with the clinoptilolite than Cu 2+ , whose approach in the proximity of the clinoptilolite surface is prevented by the bulky surrounding water molecules.
On the whole, the low removal efficiencies exhibited by original clinoptilolite provide evidence that the clinoptilolite surface and pore openings are partially covered by dust, resulting in pore clogging which may lead to smaller ionexchange capacity and slower ion-exchange rates of the cations (Athanasiadis and Helmreich, 2005) . The Na-activated clinoptilolite form did not show any marked improvement or decline in metal removal efficiency when the activating concentration was increased to 0.04 M. The Na-activated clinoptilolite form exhibited fair metal removal efficiency. HCl-activation of the clinoptilolite samples was found to improve their effective sorption capacity with the 0.02 M HCl concentration. HCl-activation of the clinoptilolite samples was found to improve the effective sorption capacity with the 0.02 M HCl concentration.
Scanning electron microscopy analyses
The SEM analysis was performed in order to determine the morphological changes brought about by the conditioning chemicals. The original clinoptilolite was observed to have crystalline calcium on its surface as shown in Fig. 12 .
It is on these sites that most of the ion-exchange and adsorption takes place, in the case of original clinoptilolite. The abundance of the calcium must have limited metal upload in the inner parts of the clinoptilolite since the highest recorded result for cation removal using this form of clinoptilolite was 40% for Co and 35% for Cu.
The SEM images in Fig. 13a show a more open structure of the HCl-activated clinoptilolite's surface compared to the inactivated zeolite shown in Fig. 13b .
This explains why the acid-activated clinoptilolite There were some morphological changes where the clinoptilolite was observed to exhibit a more open and somewhat softened structure brought about by HCl-activation, when comparing the 2 SEM images (Misaelides et al., 1995) . Such was not the case with the clinoptilolite forms conditioned with NaCl and KCl. It is this modification that is thought to be responsible for the ease of cation removal observed with the HCl-activated clinoptilolite. It was observed that conditioning with NaCl and and KCl did not alter the morphology of the clinoptilolite, as shown in Figs. 14a and 14b . The retention of structural integrity of the clinoptilolite is due to the non-corrosive nature of the 2 chemicals (NaCl and KCl) compared to HCl. The corrosive nature of HCl is able to eliminate the particles that clog the pores of the zeolite thus improving its adsorption and ion-exchange properties.
Conclusions
The HCl-conditioned clinoptilolite was the most efficient form in the removal (79% Co 2+ and 73% Cu 2+ ) followed by the NaCl-conditioned form (69% Co 2+ and 54% Cu 2+ ) while the KCl-conditioned form adsorbed 54% and 73% of Co 2+ and Cu 2+ , respectively. The results obtained with the HCl-activated and KCl-activated clinoptilolite using synthetic Co/Cu solutions show that chemically activated Southern African clinoptilolite can be used effectively for the removal of metal cations from aqueous solutions, especially leached solutions obtained during mineral processing. 
